We report the first example of ad onor-acceptor corannulene-containing hybrid material with rapid ligand-toligand energy transfer (ET). Additionally,weprovide the first time-resolved photoluminescence (PL) data for any corannulene-based compounds in the solid state.C omprehensive analysis of PL data in combination with theoretical calculations of donor-acceptor exciton coupling was employed to estimate ET rate and efficiency in the prepared material. The ligand-to-ligand ET rate calculated using two models is comparable with that observed in fullerene-containing materials,w hich are generally considered for molecular electronics development. Thus,the presented studies not only demonstrate the possibility of merging the intrinsic properties of p-bowls, specifically corannulene derivatives,w ith the versatility of crystalline hybrid scaffolds,b ut could also foreshadowt he engineering of anovel class of hierarchicalcorannulene-based hybrid materials for optoelectronic devices.
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While the compromise between strain and aromaticity is ap ersistent synthetic challenge, [1] [2] [3] the bowl shape and electronic properties of corannulene derivatives (buckybowls, Scheme 1) imply an unrevealed potential for molecular electronics development similar to their close famous analogues,fullerenes.The main success of the latter in the field of optoelectronics is associated with very fast energy/electron transfer, which has been demonstrated in numerous photophysical studies. [4] [5] [6] In contrast, development of buckybowlcontaining materials with desirable properties is still in its infancy. Fori nstance,d uring the 50 years since the discovery of the first solution route for corannulene preparation (1966), [1] only around 20 papers [2, include any photophysical studies,d espite nearly 1000 publications focused on corannulene.T othe best of our knowledge,there are only two reports [8, 10] in the area of corannulene solid-state photophysics.F urthermore,n os olid-state time-resolved photoluminescence (PL) data or energy transfer (ET) studies have been reported for any corannulene-containing compounds despite the fact that ET rate and efficiency are crucial fundamental parameters for applications ranging from organic photovoltaics to photocatalysis. [33, 34] This gap in material development was the major driving force to initiate the presented study,especially taking into account the recent progress in corannulene chemistry. [35] Our shift from more traditional flat aromatic hydrocarbons [36] towards p-bowls (for example,c orannulene) was also driven by 1) their significant dipole moment, 2) the possibility to extend the dimensionality of 3D hybrid frameworks through the p-bowl curvature,3 )potential for charge stabilization on the surface owing to doubly degenerate lowest unoccupied molecular orbitals (LUMOs), 4) anticipated effective intermolecular charge transport, and 5) presence of theoretically predicted super atomic molecular orbitals,w hich are key factors for intermolecular charge/ energy transport distinct from the conventional mechanisms involving p molecular orbital overlap. [37] [38] [39] [40] [41] Thel atter two facts were among the main reasons that influenced the choice of the p-bowl, in particular corannulene,ino ur studies. Herein, we report the first example of ad onor-acceptor (D-A) corannulene-based material with rapid ligand-toligand ET,s imilar to that observed in fullerene-containing compounds. [4] Thereported hybrid is also the first crystalline buckybowl-containing extended structure,i nw hich control over corannulene (donor)-acceptor orientation is achieved through covalent bonding (Scheme 1). As ynthetic route to the novel multidentate building block, which provides the necessary versatility for preparation of crystalline corannulene-based multidimensional materials,h as also been established. To achieve the required D-A spectral overlap and study ET processes,w eu tilized the advantages offered by well-defined hybrids including modularity and tunability. [33, 34] Based on time-resolved PL data and theoretical studies of DAexciton coupling,the ET efficiency and rate,key factors for application development in the field of optoelectronics, [42] [43] [44] [45] [46] [47] [48] [49] were estimated. Thus,t he presented studies provide an opportunity to shed light on ET processes in corannulenebased material for the first time.
Thei nitial challenge in the preparation of the aforementioned donor-acceptor corannulene materials mainly lies in synthesis of the versatile corannulene-containing building blocks on gram or larger scales.T herefore,s calability and reaction yield were two initial factors considered for preparation of an ovel 4,4',4'',4'''-(dibenzo[ghi,mno]fluoranthene-1,2,5,6-tetrayl)tetrapyridinel inker (DFTP,F igure 1a nd the Supporting Information, Figure S1 and Scheme S1). Figure 1d emonstrates DFTP molecular packing, which consists of layers containing offset "clamshells", in contrast to many corannulene derivatives exhibiting convex-concave stacking (Supporting Information, Figure S2 ). [50] [51] [52] Further synthetic and characterization details,i ncluding cyclic voltammetry of DFTP,can be found in the Supporting Information (Figures S3-S6 and Table S2 ). Since no solid-state timeresolved data are available for any corannulene-based materials (including parent corannulene (C 20 H 10 )), we have studied the photophysical response of DFTP by steady-state and time-resolved photoluminescence spectroscopy,a nd, therefore,e stablished ar eference point for material characterization. Thea mplitude-weighted average solid-state lifetime was found to be 5.9 ns for DFTP,w hich is shorter compared to the measured values for C 20 H 10 itself (9.1 ns) or tetrakis(4-carboxyphenyl)corannulene [8] (9.6 ns,t he instrument response function and PL decays are shown in the Supporting Information, Figure S7 ).
To test the possibility of DFTP to form extended structures and, therefore,g ain structural insights into viable topologies,a sw ell as probe the photophysical properties of DFTP-based materials,westudied the coordination of DFTP to metal ions.T he metal was mainly chosen to prevent material photoluminescence quenching (for example, d 0 and d 10 metals). Thes ynthesized two-dimensional (2D) framework [Ag 2 (DFTP) 2 ](PF 6 ) 2 ·(C 6 H 6 ) 6 ·(CH 3 CN) 3 (1)w as characterized by single-crystal and powder X-ray diffraction (PXRD), thermogravimetric analysis,a nd Fourier transform infrared (FT-IR) spectroscopy ( Figure 1a nd the Supporting Information, Figures S8-S10 and Table S3 ). Thesingle-crystal X-ray studies revealed preservation of the DFTP curvature inside 1,despite the possibility to flatten or lock the molecular confirmation with high strain energy imposed by framework rigidity. [53] Indeed, the bowl depth of DFTP inside 1 (0.85 , Figure 1 ) is essentially that of parent corannulene (0.87 [54] ). Owing to the curvature preservation, the DFTP bowl could fit solvent molecules such as benzene (Figure 1) . Thus,t he curvature of corannulene-based linkers could pave the way for an extension of framework dimensionality beyond changing the metal node geometry and linker length.
Thes tudies of the photophysical properties of 1 showed ligand-centered luminescence (Figure 2a ). Thee mission maximum of 1 was observed at 503 nm (l ex = 350 nm), similar to that for the free ligand (see above). Analysis of the curves with ar econvolution fit supported at riexponential decay model, for which the amplitude-weighted average lifetime of 1 was found to be 3.4 ns ( Figure S7 ). This lifetime is slightly shorter in comparison with that (4.1 ns) of another example of ac orannulene-based framework, [Cd 2 (C 48 H 22 O 8 )(DMA) 3 ]·-(DMA) 1.7 ,( DMA = dimethylacetamide) consisting of tetrakis(4-carboxyphenyl)corannulene linker (see the Supporting Information for Cd-based framework synthesis and characterization, Figures S11 and S12, and Table S3 ).
As the next step,w ea pplied our findings to the preparation of ac rystalline D-A framework, in which the mutual orientation of the donor (D) and acceptor (A) was controlled through covalent bond formation. In general, for synthesis of D-A materials possessing resonance ET,t he emission spectrum of Ds hould overlap with the absorption profile of A. [33, 55] In our case,todesign amaterial in which the corannulene-based linker,D FTP,c ould serve as D, we selected 2D Zn 2 (ZnTCPP) [56] (H 4 TCPP = tetrakis(4-carboxyphenyl) porphyrin) as A. Figure 2b shows the diffuse reflectance profile of A, which absorbs light up to 650 nm, and therefore provides the necessary spectral overlap of its absorption profile with the emission response of DFTP (D). [55] Forr ational D-A organization, we utilized at wo-step synthetic route,w hich relies on preparation of the Zn 2 -(ZnTCPP) scaffold, followed by coordinative immobilization of DFTP (D) as apillar between the layers (Figure 2c and the Supporting Information, Figure S13 ). In addition to the photophysical requirements,t he presence of metal sites, which serve as anchors for coordination of the pyridyl groups,w as an additional criterion for framework selection. 26 (2). Thed iffuse reflectance and emission profiles of 2 are shown in Figure 2c . Thel atter shows that the incorporation of both donor and acceptor moieties in 2 resulted in the almost complete disappearance of donor emission (Figure 2c ), which could be attributed to efficient ET.Acomprehensive analysis of the prepared D-A material 2 was performed by PXRD,elemental analysis,FT-IR spectroscopy,epifluorescence microscopy, X-ray photoelectron spectroscopy,t heoretical modeling, NMR spectroscopy,a nd mass spectrometry (the latter two techniques were performed on digested samples of 2, Figures S14-S21;m ore details about characterization of 2 can be found in the Supporting Information).
To quantitatively describe the possibility of resonance ET, time-resolved photoluminescence spectroscopy was employed. In particular,a nalysis of time-resolved PL decays was performed for D(DFTP) in the absence and presence of A( Zn 2 (ZnTCPP)). Thee mission wavelength channel was configured to capture the DFTP emission and exclude the PL response of the porphyrin-based acceptors.F igure 3s hows that the time-resolved photoluminescence curve for coordinatively immobilized DFTP in the presence of the porphyrincontaining acceptor decays more rapidly than that of noncoordinated DFTP.A nalysis of the curves with ar econvolution fit supported at riexponential decay model, which revealed an 85 %r eduction of the amplitude-weighted average lifetime,from 5.9 ns (DFTP) to 0.85 ns (2).
As the first approximation to estimate ET rate (k ET )a nd efficiency,w ea pplied the classical Fçrster resonance ET approach [Eq. (S3), see the Supporting Information], [55] in which the corresponding ET efficiency and k ET in 2 were found to be 85 %and 1.01 10 9 s À1 ,respectively.Notably,the observed ligand-to-ligand ET efficiencyisapproximately 1.7-fold higher than that reported for ar ecent fullerene-based hybrid material, in which the fullerene-based linker serves as an acceptor. [57] To address the possibility of resonance ET within this model, we estimated the Fçrster critical transfer radius, R o ,for randomly-oriented point dipoles with the same spectral overlap, J,asthe DFTP (D) and 2D porphyrin-based A, which was J = 8.3 10 À14 cm 3 m À1 [Eq. (S4), Figure 3 ]. [55] Ther esulting R o value of approximately 31 [Eq. (S5)] is far beyond the D-A distance approximated from the structural data. Therefore,w ec ould attribute the observed changes in the Dprofile after coordinative immobilization to resonance ET. To apply amore generalized approach, which would allow estimation of k ET beyond the point-dipole model described above,wehave also calculated k ET based on k ET = 2pV
2 J e /" h [58] [where V = D-A exciton coupling and J e = spectral overlap function, [58] calculated from Eq. (S6)].While J e was estimated from the experimental data [Eq. (S6)], V was obtained from ab initio calculations based on structural data for 2 [Eq. (S11)].P revious theoretical studies for as imilar class of hybrid systems demonstrated that frontier orbitals have al ocalized nature near the Fermi level. [57] Similarly,t he periodic hybrid material 2 will have no dispersion of relevant bands.T herefore,atruncated model, instead of the complete 3D periodic D-A framework, was utilized for theoretical studies.F or estimation of V,w ee mployed recent theoretical models focusing on strong orbital coupling,since in our case, Da nd Aa re covalently bonded (the model description and specific equations can be found in the Supporting Information). Figure 4shows an excited state diagram complemented by molecular orbitals contributing to the excitations.The first .T hus,b oth models for k ET predict rapid ET in the prepared D-A system. In spite of the donating role of DFTP in the presented studies,consideration of corannulene as the smallest bowl-shaped fullerene fragment provoked us to analyze the ET rates previously reported for D-A fullerene-based scaffolds.F or instance, k ET in an example with aporphyrin (D)-fullerene (A) system was 5.0 10 9 s À1 , [59] which is comparable with the rate observed in our corannulene-porphyrin-based D-A framework.
Thef oregoing results demonstrate the first example of aD -A corannulene-based material 2 with rapid ligand-toligand ET.Preparation of 2 was possible due to the synthesis of the novel multidentate building block, DFTP,s uitable for the preparation of multidimensional corannulene-based materials such as 1 and 2,a vailable on ag ram-scale due to recent achievements in corannulene chemistry.The presented study is also the first report of solid-stale time-resolved PL data collected for any corannulene-containing compound, including parent C 20 H 10 .C omprehensive analysis of PL decays in combination with theoretical studies of spectral overlap function and D-A exciton coupling revealed that the ligand-to-ligand ET rate estimated from two models is comparable with that observed in fullerene-containing materials,w hich are generally considered as building blocks for molecular electronics development. In addition, the ligandto-ligand ET efficiencyo f2 is 1.7-fold higher than that estimated for the fullerene-porphyrin hybrid material. [57] To summarize,byusing theoretical modeling in combination with spectroscopic studies,w es hed light on solid-state photophysics (including the possible mechanisms of energy transfer) of aD-A corannulene-containing framework, which is crucial fundamental knowledge required for the successful implementation of any corannulene derivative in aw ide number applications ranging from solar cells to photocatalysts,a sw ell as sensors and photoswitches.T hus,t he presented study not only demonstrates the possibility of merging the intrinsic properties of p-bowls with the versatility of metal-organic frameworks but could also foreshadow the engineering of an ovel class of corannulene-based hybrid materials for optoelectronic devices.
